Background Desmoid tumors (aggressive fibromatosis) are rare soft tissue tumors which frequently recur after surgery. Desmoid tumors arise from musculoaponeurotic tissue in the extremities, head and neck, abdominal wall, or intraabdominally. Our aim was to examine the outcome of radiotherapy of desmoid tumors in a single institution series.
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Introduction
Desmoid tumors are locally aggressive nonmalignant soft tissue tumors which may recur after radical surgery. Desmoid tumors are often asymptomatic but may cause pain, stiffness, and function loss when compressing and infiltrating adjacent structures. The majority of desmoid tumors are sporadic without a genetic predisposition [1] . Familial adenomatous polyposis (FAP) carriers have an increased risk as approximately 20% of FAP carriers develop desmoid tumors [2] . Other risk factors are pregnancy and physical or surgical trauma. It is possible that growth factors associated with tissue healing may induce desmoid tumor growth [3] . Fatal outcomes have predominantly been reported in FAP patients with mortality rates up to 13% [4] .
The optimal treatment of desmoid tumors is still controversial. Spontaneous regression has been reported in 4-28% of patients with the highest rate recorded in abdominal wall tumors [5] [6] [7] [8] . The National Comprehensive Cancer Network guidelines recommend a careful "wait and see" approach if the tumor is asymptomatic and not located in an area that could lead to functional limitations if the tumor increases in size. If progression occurs, desmoid tumors can be treated with surgery and/or radiation therapy and/or systemic therapy [9] [10] [11] . The role of preoperative or postoperative radiotherapy (RT) is at least as controversial as that of surgery [12] . Local relapse, young age, large tumor size, intra-abdominal or extremity location, or mutation 45F in the β-catenin gene CTNNB1 have been reported to increase the risk for recurrence [13] [14] [15] . When radical surgery is not possible or would cause notable functional impairment or mutilation, definitive RT or systemic treatment have been reported to benefit for symptomatic patients. Systemic treatment options such as chemotherapy, hormonal agents, nonsteroidal anti-inflammatory drugs, and tyrosine kinase inhibitors have shown some efficacy but there are no randomized controlled trials [10] .
Our aim was to examine the outcome of RT of desmoid tumors in a single institution series. In order to assess RT target margins and dose-response, we analyzed local failures after RT and determined the prior radiation dose at the site of local failure. To our knowledge such failure analysis has not been previously reported in desmoid tumors. Similar studies have been proven useful in e. g. head and neck cancers and soft tissue sarcomas [16, 17] .
Methods

Patients
Our sarcoma group treated 136 desmoid tumor patients including 45 patients treated with RT between 1987 and 2012. Six RTs in 4 patients (two postoperative and four definitive RTs) were excluded because of inadequate or lost imaging for response evaluation, simultaneous systemic therapy or short (<6 months) follow-up. Thus, the present study includes 41 adult desmoid patients treated for 44 different tumors with 49 courses of RT ( Supplementary Fig. 1 ). Clinical data were retrieved from patient records and survival data were obtained from the Population Register Center. Patient and tumor characteristics are summarized in Table 1. The ethics committee of Helsinki University Hospital and the Ministry of Health and Social Affairs approved the study. The study was conducted in accordance to the current version of the Helsinki Declaration.
An experienced sarcoma pathologist (M.R.) re-examined the tumor specimens and confirmed the histology for all 41 patients. A radiologist (A.B.) and three oncologists (M.T., C.B. and K.S.) reassessed the radiologic images (CTs and MRIs) for response evaluation according to modified RECIST criteria 1.1 including only patients with measurable disease [18] .
Dose distribution analysis
A physicist (L.T.) in cooperation with a radiologist (A.B.) and oncologists (C.B. and K.S.) analyzed the local failures to investigate the RT dose distribution. All patients with The size of six tumors could not be found from the original data nor reanalyzed a relapse had a CT-based planning performed according to ICRU 50 criteria. The diagnostic MR/CT images were imported into the treatment planning system (Eclipse ® 11.0, Varian Medical Systems Inc., Helsinki, Finland). The recurrence volumes were contoured in the diagnostic MR/CT images, followed by a manual rigid co-registration with the RT planning CT using bony landmarks and visible soft tissue structures in the immediate surroundings of the recurrence. The contoured recurrence volumes were copied into the planning CT and dose-volume histograms were generated. A treatment failure was classified in-target if ≥95% of the recurrence volume occurred within the volume receiving ≥95% of the prescribed radiation dose. A treatment failure was classified marginal if the recurrence volume border crossed the 95% isodose and less than 95% of the relapse volume was located inside the volume receiving ≥95% of the radiation dose. The failure was classified as out-of-target if it was completely outside the 95% isodose of the target volume [19] .
Treatments
The aim of surgical treatment was complete resection of the desmoid with free margins without excessive morbidity or mutilation. Postoperative RT was offered to patients considered to have a high risk of recurrence because of positive (n = 22) or narrow margins (n = 4). If an operation was assessed too mutilative, definitive RT was considered for progressing and/or symptomatic tumors. RT was delivered with healthy tissue margins and patients' fixation was tailored individually. RT details are listed in supplementary 
Results
The median follow-up time for survival was 7 years (range from 9 months to 17 years). One pleomorphic undifferentiated sarcoma developed inside previously irradiated volume after a 9-year interval. This RT-induced malignancy was excised and the patient remained free of disease during the 6-year follow-up. No other serious RT sequelae were found. Objective response to definitive RT in patients with macroscopic disease Doses in 22 RTs varied from 20-63 Gy (median 50 Gy) and the fractions from 1.8-2.1 Gy (median 2 Gy). Estimated local control was 62% at 5 years. A complete response was seen in three tumors (14%), a partial response in nine (41%) and stable disease in ten tumors (45%). The objective response rate was 55% (12/22) with no direct disease progression at 6 months. Median time to response was 14 months (range from 4-38 months). The duration of the response to RT ranged from 6 months to 12 years (median 30 months) (Appendix). The median time to progression in the five tumors progressing was 4 years (range from 9 months to 5 years).
Time to progression after definitive or postoperative RT and analysis of prognostic factors
Estimated local control in 47 RTs was 75% at 5 years and 65% at 10 years. The median time to progression in patients experiencing a recurrence was 22 months (range from 9 months to 6 years). The impact of surgery, surgical margins, RT dose, FAP, tumor size, location, age, and sex on time to progression (TTP) was studied in univariate and multivariate Cox regression models. The results are shown in Table 2 . RT dose was the only factor which had a significant impact on TTP. The significant impact of RT dose remained in a per patient analysis in Cox multivariate analysis (p = 0.04). Doses under 50 Gy yielded a local control rate of 57% (4/7), doses from 50-59.9 Gy 75% (24/32), and doses equal to or greater than 60 Gy 100% (8/8) (Fig. 1) . Re-analysis using equivalent total dose gave similar results in both univariate (p = 0.001, hazard ratio (HR) = 0.91) and multivariate analysis (p = 0.023, HR = 0.68). RT dose was significantly associated to TTP after definitive RT (p = 0.047, HR 0.92) but not after postoperative RT, even if the hazard ratio in this group was lower (p = 0.16, HR 0.83). Surgical margin had no significant effect on TTP in univariate or multivariate models.
Analysis of local failures after RT utilizing image fusion
We evaluated the locations of local failures in 11 RTs in relation to the previous irradiated volume (Supplementary Table 2 ). Ten tumors, of which one was irradiated twice, were irradiated in 10 patients. A boost was delivered to four of these tumors. Five failures were recurrences after postoperative RT (total doses 45-60 Gy (median 50 Gy) with fractions from 1.8-2 Gy) and six after definitive RT (total doses 30.6-50 Gy (median 50 Gy) with fractions from 1.8-2 Gy). Two failures were classified as in-target (doses 50 Gy in 2 Gy fractions and 45 Gy in 1.8 Gy fractions), nine were marginal. No out-of-target failures were encountered. In the 4 patients given boost, the failure was marginal in two and in-target in one tumor. One recurrence was classified as marginal in relation to the initial 50 Gy volume and out-of-target in relation to the 10 Gy boost volume.
Discussion
A conservative watchful waiting approach has been proposed as the first choice in the management of desmoid tumors due to the relatively high frequency of spontaneous regression [20] . Radical surgery is the mainstay of treatment in progressing or symptomatic patients. Many desmoid patients are young and therefore RT is usually recommended only if radical surgery is impossible or would cause no- More than a half of the patients experienced an objective response to RT in the current material which is more than could be expected due to spontaneous regression. Achieving a response to RT may take from months to years. In the current study objective measurable responses were reached after a median of 14 months. None of the patients progressed immediately after RT. The 10-year local control was 65% and the last progression occurred after more than 6 years of follow-up. The time to first evidence of objective response was long as was the time to progression in patients with local failures. This illustrates the slow clinical course of the disease.
According to a review RT treatment failures in desmoid tumors have occurred in-field in 54% of patients and marginally in 30% but out-of-field in only 16% [21] . In the current study the location of treatment failure was classified as marginal in the majority of patients and in contrast to previous literature only a few were in-target. Similar outcomes as in the current study have also been observed [22] . To our knowledge none of the prior desmoid studies have used image fusion of treatment planning and diagnostic images to classify the site of failures relative to the RT dose distribution. Thus, the definition of the failure location differs from previous studies. An in-field recurrence is not always in-target since a relapse is classified marginal if only a portion of the tumor received a full dose. This might explain the higher number of marginal recurrences in our study. Moreover, in previous studies the locations of the recurrences have been recorded without a precise definition [15, 21, 23] . Our results agree with previous findings with rare out-of-target recurrences. The pattern of recurrence in this series contrasts with our experience in malignant soft tissue tumors where the vast majority of recurrences were seen in-target [17] . The growth pattern of desmoid tumors may explain the difference as approximately half of desmoid tumors have infiltrative margins and often extend along fascial planes [24] . A wide safety margin of 5-7 cm is recommended in RT for desmoid tumors [15] . This recommendation is supported by our findings that recurrences occurred mainly marginally. The results might improve with MRI-based RT treatment planning since desmoid tumors are usually better visualized in MRI than in CT [25] .
Yao et al. [26] conducted a systematic review of 22 articles comparing surgery and RT from 1990-2012 and reported that the long-term local control with surgery plus RT or RT alone in studies with at least 5-year median followup varied from 25-100% with a median of 78%. The local control of 77% in the current study is in line with these findings. Combining surgery with RT yielded a higher local control rate than surgery alone in three out of five studies with a multivariate analysis [27] [28] [29] . Two studies that compared the combination treatment to definitive RT found no difference between the groups [15, 30] . These results are supported by our findings. Keus et al. [31] performed a prospective phase II study of RT for inoperable desmoid tumors with an objective response rate of 50% at 3 years with a dose of 56 Gy in 2 Gy fractions. Our results are remarkably similar with an objective response rate of 55%. The longest time to achieve an objective response was over 3 years for 2 patients in the present study while Keus el al. reported three responses detected after 3 years. Many desmoid tumors grow slowly and the time to response seems to be equally slow.
Several prognostic factors for recurrence after RT have been identified in previous studies. Surgical margin, RT in addition to surgery, age, sex, tumor size, and presentation status (primary or recurrent) have been found to be associated with recurrences [15, 27, 28, 32] . Unlike previous studies we found no association between any of these factors to recurrence after RT. One reason for this may be differences in patient characteristics, i. e., inclusion of only irradiated patients in the present study, the relatively small size of our study another. RT dose was the only factor significantly associated with local control. Several previous studies have shown evidence of dose-response relationship in desmoid tumors with higher local control for RT doses exceeding 50 Gy, mainly in treatment of macroscopic disease [21, 33, 34] . Other studies, however, have failed to establish a significant dose-response [15, 22, 23, 35] . Most studies with a dose-response analysis have been relatively small especially considering RT alone with the largest single study hitherto comprising 41 patients [15] . The difficulty to document a dose-response in microscopic disease may be due to several factors. First, in microscopic disease the local control rate may be higher and the events may remain too few for a meaningful dose-response analysis. Second, the dose necessary to eradicate the tumor cells may be lower in microscopic disease. Our results in combination with the previous studies endorse a positive dose-response in desmoid tumors. Previous data support RT doses ≥50 Gy and the recommendation of 50 Gy dose for postoperative RT and 56 Gy for macroscopic tumors holds a radiobiological basis [15, 26] . Doses higher or equal to 60 Gy have been proposed for definitive RT with improved local control rates of 80 and 88%, but these findings have not been confirmed in more recent analyzes and the optimal dose remains to be determined [15, 28, 35, 36] . Moreover, the elevating risk of RT-related complications, including rare secondary malignancy, should be taken into account when prescribing the treatment especially since many patients are young [29] .
The incidence of desmoid tumors in Finland is 2.4-4.3 per 1000000 annually which is similar to other reported in-cidence rates [37] . With a 5.4 million population, the number of desmoid tumors should approach 400 within the 26-year study period. The Hospital District of Helsinki and Uusimaa comprises less than a third of the Finnish population and only a small proportion of the patients receive oncological treatments. As our center serves as a national reference center, our patient collective may have tumors that are more difficult to treat. This might also be reflected in our treatment results. Other limitations of the current investigation include retrospectivity and the long study period resulting in RT delivery with heterogeneous techniques and doses.
Conclusion
The present study shows that RT is a valuable option in progressing desmoid tumors not amenable to surgery or when surgery might lead to unacceptable mutilation. Previously the optimal dose of RT in desmoid tumors has not been defined. A significant dose response in the present study suggests that higher doses than previously prescribed may be optimal. Validation of this result in a larger patient collective and in a prospective study would be desirable due to the retrospective nature of the study. All patients received RT in this study and we did not find any impact on the extent of previous surgery. When surgery with clear margins is not achievable in progressive desmoid tumors definitive RT should be preferred.
